In this article, we will review some behavioral, pharmacological and neurochemical studies from our laboratory on mice, which might contribute to our understanding of the complex processes of memory consolidation and reconsolidation. We discuss the post-training (memory consolidation) and post-reactivation (memory reconsolidation) effects of icv infusions of hemicholinium, a central inhibitor of acetylcholine synthesis, of intraperitoneal administration of L-NAME, a non-specific inhibitor of nitric oxide synthase, of intrahippocampal injections of an inhibitor of the transcription factor NF-κB, and the exposure of mice to a new learning situation on retention performance of an inhibitory avoidance response. All treatments impair long-term memory consolidation and retrieval-induced memory processes different from extinction, probably in accordance with the "reconsolidation hypothesis". 
Introduction
New memories are initially vulnerable to disruption but are progressively strengthened over time. The phenomenon is known as memory consolidation (1, 2) , and requires protein synthesis (3, but see also Ref. 4) . It is traditionally accepted that once memory consolidation is completed memory becomes permanent (5) . However, several studies have also shown that when a well-stabilized memory is reactivated (recalled) it again becomes sensitive to the same treatments that could affect memory consolidation when given after training. This new period of sensitivity is called memory reconsolidation (6) .
We shall consider in this article the effects of intracerebroventricular (icv ) infusions of hemicholinium (HC-3), a central inhibitor of acetylcholine (Ach) synthesis (7), of intraperitoneal administration of N ω -nitro-L-arginine methyl ester (L-NAME), a non-specific inhibitor of nitric oxide synthase (NOS; 8), on post-training (memory consolidation) and post-reactivation (memory reconsolidation), and Memory consolidation and reconsolidation www.bjournal.com.br of intrahippocampal injections of an inhibitor of the transcription factor (nuclear factor κB, NF-κB; 9) on retention performance of an inhibitory avoidance response in mice (10) (11) (12) (13) . We also will briefly discuss both the posttraining and the post-retrieval effects of the exposure of mice to a new learning experience (14) . Some of the results reviewed here were previously presented at the XXII Reunião Anual da FESBE, Águas de Lindóia, SP, Brazil, 2007.
Memory consolidation and reconsolidation: methodological issues
The use of pharmacological and non-pharmacological treatments administered immediately or several times after training to impair or enhance memory provides a highly effective and extensively used method to study memory consolidation (2) . This procedure is able to influence memory consolidation without affecting memory acquisition (learning), and reveals the time-dependent participation of neural systems and cellular processes, which enable lasting memories (2) . One-trial step-down and step-through inhibitory ("passive or inactive") avoidance in rats and mice has long been a favorite model for pharmacological and neurochemical studies of memory consolidation (15) .
To experimentally demonstrate memory reconsolidation, a particular memory must be first consolidated, and then reactivated (retrieved) during a specific retention test simultaneously with some form of manipulation (16) . Finally, modifications of the original memory must be observed following a new retention test (16) . A necessary criterion to consider an effect on memory reconsolidation is that the procedure employed with this purpose must be effective only following memory reactivation (17, 18) . It is also necessary to demonstrate the post-retrieval timewindow susceptibility of the original consolidated memory following its retrieval, as well as the specificity for previously trained stimuli or context (16) . On the other hand, it is well known that repeated retrieval without reinforcement leads to extinction of memories (19) . On this basis, and considering that in the experimental protocols used to study memory reconsolidation the original and well-consolidated memory is reactivated (retrieved) under the influence of previous conditioned stimuli, but in the absence of the unconditioned ones (that is, without reinforcement), it is also necessary to analyze the potential development of an extinction phenomenon as an alternative explanation of the observed results (16) . Under appropriate experimental conditions, extinguished memories can develop spontaneous recovery, reinstatement, saving and/or renewal (20) . In addition, one of the most important findings that should be taken into account when interpreting a "reconsolidation result" is the relationship between the age of the reactivated memory and the susceptibility to be modified (21, 22 ). The precise conditions under which reconsolidation can be manipulated have been conceptualized as "boundary conditions of reconsolidation", and were recently reviewed by Alberini (22) and Tronson and Taylor (16) .
Memory reconsolidation is frequently studied using Pavlovian fear conditioning (23) . The results discussed here were obtained using an inhibitory ("passive or inactive") avoidance response (IAR). It is clear that the training procedures for these two behavioral paradigms have much in common. However, there are also important differences between fear conditioning and inhibitory avoidance procedures, which may have effects on the neural substrates involved, and may be crucial factors in determining how several pharmacological post-retrieval treatments affect memory reconsolidation (23) .
In our studies, an intermediate foot shock level was used in experiments investigating memory consolidation processes. In contrast, a stronger foot shock was employed in experiments investigating reconsolidation in order to reduce the influence of extinction on retention performance (24) . The question is whether, under appropriate experimental conditions, control over-reinforced mice can really extinguish or not their memory. If not, all interpretations about memory reconsolidation might be wrong. In fact, mice successfully develop extinction, although needing several successive extinction trials, and show spontaneous recovery (11) . Furthermore, we were able to reinstate the avoidance behavior (20,25) using a saving protocol (11) .
Most memory reconsolidation studies show a blockade of the process, resulting in a poor performance of the experimental subjects used. These poor performance could be explained "theoretically" by two main reasons: a) a true blockade of the reconsolidation memory process; b) inaccessibility to the memory trace, frequently attributed to a retrieval deficit.
The latter could be explained by the development of an extinction phenomenon, or alternatively by the prevalence of neurohumoral and hormonal states at the time of retrieval (stress hormones, emotional states, etc.), as proposed years ago by Izquierdo (26) for different forms of post-training memory processing. On this basis, it is also necessary to assess the potential development of endogenous memory state dependency for post-retrieval treatments that could be affecting memory reconsolidation.
A basic behavioral procedure scheme used in our memory consolidation and reconsolidation studies is shown in Figure 1 .
www.bjournal.com.br
Pharmacological manipulation of memory consolidation and reconsolidation of an inhibitory avoidance response Acetylcholine
It is well known that endogenous Ach release is necessary for long-term memory consolidation (27) . In this sense, we have demonstrated that icv infusions of HC-3, a specific inhibitor of high-affinity choline uptake (HACU) by brain cholinergic neurons (7) impaired retention performance of a one-trial step-through inhibitory avoidance response in adult male CF-1 mice. This effect was observed even 7 days after the learning trial. The dose of HC-3 used in these experiments reduces the HACU in the hippocampus by approximately 50% after 60 min of its icv administration (10) . After the completion of the retention test at each of the training-test intervals studied, the HACU in the hippocampus of the HC-3-treated mice was not significantly different from that of the control group. This apparent dissociation between neurochemistry and behavior suggests that the effects of HC-3 are probably not directly exerted on memory retrieval, and indicates that HACU inhibition took place at early stages of memory consolidation (10) . These results agree with experimental and clinical evidence suggesting that brain Ach plays an essential role in mnemonic phenomena (27, 28) .
The administration of HC-3 produced a deleterious effect on retention only when given immediately after memory reactivation, but this effect was not observed if memory was not reactivated. The degree of vulnerability to HC-3 administered immediately after memory reactivation changes as a function of the time elapsing between original learning and retrieval (29) . Thus, recent memories (2-7 days old) are labile, but remote ones (14-30 days old) become progressively insensitive to HC-3 (10,29) ( Figure  2 ). Also, we did not observe spontaneous recovery 21 days after training when memory was retrieved 2 days after it and HC-3 was given immediately after memory retrieval (29) .
Some of the results seem to be in conflict with the report that scopolamine, a well-known non-specific central muscarinic cholinergic receptor antagonist, did not impair memory when given after retrieval (30) . Differences in the administration route, the drug employed, the animal species, and the behavioral paradigm used may account for the discrepancies. However, our results support recent findings, which indicated that memory reconsolidation of morphine-conditioned place preference is disrupted by scopolamine (31) . These findings suggest the potential benefits of pharmacological interventions directed at central cholinergic neurotransmission in order to disrupt reconsolidation of memories associated with environmental cues and addictive drugs.
Thus, for the first time, we suggested a participation of central cholinergic mechanisms in memory reconsolidation of an IAR in mice (10, 29) .
Nitric oxide
Previous results demonstrated that the immediate posttraining intraperitoneal administration of L-NAME, a nonspecific inhibitor of NOS (8), impairs retention test perfor-Memory consolidation and reconsolidation www.bjournal.com.br mance (32) . The effect of L-NAME on retention was attributed to an action on memory consolidation of the original learning, and was probably due to inhibition of Ach release from brain regions critically involved in memory consolidation (33) .
For the first time, we also reported that the administration of L-NAME after the first retention test (reactivation) of the IAR impaired retention performance over 6 consecutive days. This effect was observed only following memory reactivation, and was dose-and time-dependent (11) . Furthermore, the post-retrieval effects of L-NAME were attenuated by L-arginine, but not by D-arginine, suggesting an action on NOS (8) . The effects of L-NAME on reactivated memory could not be attributed to a retrieval deficit since a mild foot shock did not reinstate the previous response and no spontaneous recovery was observed at least 21 days after training.
The administration of L-NAME prior to the second retention test to mice that received either vehicle or L-NAME immediately after the first memory reactivation does not affect memory retrieval. Thus, the concept of statedependency is not useful to explain the post-retrieval deleterious effects of L-NAME on subsequent retention test performance (11) .
The impairment of retention performance caused by L-NAME was dependent on the age of the reactivated memory, and was observed when the first retrieval session took place at 7, 15, or 30 days, but the effect was no longer seen when re-exposure occurred 45 days after training (11) (Figure 2 ).
It has been recently shown that intra-amygdala infusions of 7-nitroindazole, a more specific inhibitor of neuronal-NOS (8), or C-PTIO, a membrane impermeable scavenger of NO, impaired consolidation, but not reconsolidation of auditory fear conditioning in rat (34) . These results seems to be opposite to ours; however, again, several experimental differences could be related to these discrepancies (behavioral task, experimental subjects, injections of drugs, or the aim of the experiments among others). Differences in brain areas and mechanisms recruited after memory reactivation described by Alberini et al. (35) could explain the results of Schafe et al. (34) and ours.
Taken together, these results suggest an action of L-NAME on memory reactivation-induced processes, extending the biological significance of NO on memory.
Nuclear factor κ κ κ κ κB transcription factor
The first evidence that links NF-κB family function with memory formation was obtained in the long-term memory model of the crab (an invertebrate) Chasmagnatus (36, 37) .
Recent studies in rodents give further support to the role of NF-κB in memory (38) . We studied the participation of NF-κB in memory using the IAR, which is in part dependent on hippocampal function (39) .
The time course of hippocampal NF-κB activation during memory consolidation showed an inhibition of NF-κB 15 min after training followed by an activation peak at 45 min, returning to basal levels 2 and 4 h after training, in shocked and unshocked groups when compared with the naive group (12) . NF-κB is also activated in the hippocampus by memory retrieval, and is probably involved in restabilization of the original memory, but its activation occurs earlier in memory reconsolidation than in memory consolidation: the peak of NF-κB activation takes place 15 min after memory reactivation (13) .
The role of NF-κB in memory consolidation and reconsolidation was further assessed by NF-κB inhibition using two independent strategies: the administration of the NF-κB pathway inhibitor sulfasalazine, which acts as a direct IκB kinase inhibitor (40) , and the use of a double-stranded DNA oligonucleotide containing the NF-κB consensus sequence (κBdecoy) for direct inhibition (12) .
Intracerebroventricular injection of sulfasalazine immediately after training (memory consolidation) impaired retention test performance in a dose-and time-dependent manner (12) . These results agree with those of Merlo et al. (40) .
Direct inhibition of NF-κB using icv injection of κBdecoy 2 h before training, both to shocked and unshocked mice during the learning trial, revealed a specific NF-κB inhibition in the hippocampus, well correlated with an impairment of long-term memory (LTM) consolidation (12) . Conversely, injection of κBdecoy with one base mutation (mκBdecoy) did not affect LTM, and no inhibition of NF-κB was found in the hippocampus.
These results suggest that activation of NF-κB in the hippocampus is part of the molecular mechanism involved in the storage of contextual features that constitute the conditioned stimulus representation (12) .
The inhibition of hippocampal NF-κB activity after memory reactivation, using either sulfasalazine or NF-κBdecoy, impairs LTM only when applied immediately after the retention test, but not if delayed 3 h after memory retrieval, indicating a transient time-window of memory susceptibility. The impairment was not observed when the re-exposure to the training context was omitted, indicating, again, that memory retrieval is necessary to open a new timewindow of susceptibility of a reactivated memory, and suggesting an effect of NF-κB inhibition on memory reconsolidation. Short-term memory was not affected by post-retrieval intra-hippocampal injections of κBdecoy, whereas its effect on LTM persisted for more than 3 weeks, C.M. Baratti et al. www.bjournal.com.br without signs of spontaneous recovery (13) .
Taken together, the results discussed in this section suggest that NF-κB is an important transcriptional regulator in memory consolidation and reconsolidation in the hippocampus, although the kinetics of activation differs between the two amnesic processes.
Non-pharmacological manipulations: a new learning task
The aim of these experiments was to test if a more physiological approach such as exposure to a new different learning task, instead of a pharmacological tool, could retrogradely affect memory consolidation and/or memory reconsolidation of the inhibitory avoidance task. Inhibitory avoidance was performed as described in the preceding sections, except that in both memory consolidation and reconsolidation studies, mice were over-reinforced on the learning trial. A single session of 5-min exposure to a hole-board (nosepoke behavior) (41) was used as a potential different learning task (14) . Under these experimental conditions, we observed that the exposure to the hole-board, either immediately after training or after the first retention test, impaired retention performance for two consecutive days. In both situations, the effects were time-dependent. Only the mice that were exposed once to the hole-board, either immediately after the avoidance learning or after the first retention test, exhibited a poor avoidance retention performance. On the contrary, in mice that were previously habituated to the nose-poke task before the avoidance learning, a re-exposure to the apparatus, either immediately after the avoidance training or immediately after memory reactivation, did not affect subsequent retention performance during any test session. Thus, the acquisition of the habituation response appears to be determinant for the amnestic effect caused by the hole-board. Mere exposure to the hole-board without a memory reactivation session did not affect performance, suggesting a lack of non-specific effect of the hole-board task. At first glance, the results are consistent with an interference of the new learning with memory reconsolidation of the original learning (42, 43) .
Post-retrieval effects of a new learning on retention performance of the IAR were prevented in mice receiving a low dose of scopolamine, a non-specific muscarinic receptor blocker, which blocks the acquisition of new learning, before being exposed to the hole-board apparatus (Blake MG, Boccia MM, Baratti CM, unpublished data).
General discussion
In the present paper, we review recent data from our laboratory, which indicated that three different pharmacological treatments (HC-3, inhibition of NF-κB, and L-NAME), and a non-pharmacological one (a new learning situation) impaired retention performance of an IAR in mice when applied either after training (memory consolidation) or after retrieval (memory reconsolidation). All treatments negatively affected long-term memory of the original avoidance learning.
The effects of the post-retrieval treatments employed appear to be a consequence of a true blockade of reconsolidation processes, and not of those that mediate memory extinction, because mice did not show spontaneous recovery, reinstatement or renewal (11, 13, 15, 29) . In addition, the state-dependency phenomenon was not observed (11) . Taken together, the results agree with the storage deficit hypothesis of a reactivated memory (1) in order to explain the post-retrieval effects of different "treatments" on retention performance of an IAR.
All the treatments reviewed here produced a deleterious effect on retention only when given immediately after memory reactivation, and were not observed if memory was not reactivated. The degree of vulnerability of memories changes as a function of the time elapsing between original learning and retrieval (29) . Thus, recent memories (2-7 days old) are labile, but remote ones (14-45 days old) become progressively insensitive to the treatment (10,29) (Figure 2) .
In most studies with diverse animal species, memory reconsolidation is demonstrated by pharmacological manipulations of reactivated memories (16, 22, 44) , including those described here. The interferences of reactivated memories through more "physiological" approaches were also described by Walker et al. (45) , Hupbach et al. (46) , and more recently by Forcato et al. (47) . All these studies were performed in humans. The demonstration by Forcato et al. (47) that the process of memory reconsolidation also occurs with declarative memory in humans is significant not only by itself, but also due to the original behavioral study performed.
An extensive body of evidence has been gathered either in favor of or against memory reconsolidation. In this review we will not discuss the effect of protein synthesis inhibitors on memory reconsolidation since they are beyond the scope of the present report and were recently extensively reviewed (48) .
Several transcription factors have been implicated in memory reconsolidation. The roles of CREB, ELK1 and NF-κB in reconsolidation are consistent with their previously demonstrated role in the initial consolidation of memory. Differences in the temporal requirements for consolidation and reconsolidation have been described in other Memory consolidation and reconsolidation www.bjournal.com.br models (35) . Lee et al. (49) reported that antisense-mediated disruption of the transcription factor zinc finger (zif268) in the rat hippocampus impairs reconsolidation but not consolidation of contextual fear conditioning, whereas, conversely, antisense-mediated disruption of brain-derived neurotrophin factor impairs consolidation but not reconsolidation, suggesting that the molecular mechanisms required by the hippocampus during either consolidation or reconsolidation are distinct. This line of evidence showed that the disruption of C/EBPβ, known as a fundamental molecular pathway required for memory consolidation, by injection of specific antisense oligodeoxynucleotides (β-ODNs) in the hippocampus, impairs long-term memory of inhibitory avoidance in rats (50) . In contrast, when injected immediately after memory reactivation it has no effect on memory retention tested 2 days later. Interestingly, C/ EBPβ seems to play an opposite role in the amygdala when compared with that found in the hippocampus. β-ODN injections into the basolateral amygdala disrupt reconsolidation but not the consolidation of an inhibitory avoidance (35) . Taken together, these results suggest that consolidation differs from reconsolidation by recruiting different brain regions and molecular targets. However, it does not rule out the possibility that in other brain regions both processes engage common molecular pathways.
Recently, brain-derived neurotrophin factor was reported as an important neurotrophic factor implicated in memory persistence (51) , suggesting that different waves of protein synthesis are implicated in different stages of memory formation (see also Ref. 52) .
There are several parametric conditions for reconsolidation, two of them already mentioned: the age of the memory (that is, time since training) and the strength of the memory or the amount of training. Another one that deserves attention is the length of the reactivation trial. All of them are important determinants of whether reconsolidations of extinction occur after a memory reactivation test. Identifying the molecular mechanism that changes as a result of age, memory strength and length of reactivation will allow an objective determination of what underlies a boundary condition of memory reconsolidation.
Temporal constraints on the fragility of memories to post-reactivation interventions, in particular those that lead to amnesia of the original memory (18, 53, 54) have led some investigators to propose that reconsolidation may be explained as a prolonged phase of consolidation (1, 22) . Our results may be in accordance with this last interpretation, but further research is necessary in order to elucidate subtle behavioral differences between memory consolidation and reconsolidation.
